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Abstract

Electrospinning has emerged as a highly effective technique for fabricating micro- and
nanofibers, which are characterized by high porosity, large surface area, and structural
mimicry of the extracellular matrix (ECM). These properties render it particularly suitable
for biomedical applications. This review provides a comprehensive overview of recent de-
velopments in electrospinning-based strategies across various biomedical fields, including
tissue engineering, drug delivery, wound healing, enzyme immobilization, biosensing, and
protective materials. The distinctive advantages of electrospun fibers—such as excellent
biocompatibility, tunable architecture, and facile surface functionalization—are discussed,
alongside challenges such as the toxicity of organic solvents and limitations in scalability.
Emerging approaches, including environmentally benign electrospinning techniques and
integration with advanced technologies such as 3D printing and microfluidics, present
promising solutions for intelligent and personalized biomedical applications.

Keywords: electrospinning; nanofibers; biomedical materials; tissue engineering; drug
delivery systems; mass production

1. Introduction

Electrospinning is a versatile and efficient technique for the fabrication of micro- and
nanoscale fibers, offering distinct advantages such as high surface area, interconnected
porosity, and tunable morphology. Since its initial development in the 1930s and subse-
quent resurgence in the late 20th century, electrospinning has garnered increasing interest in
biomedical engineering due to its capacity to produce fiber architectures that closely mimic
the structural and functional characteristics of the natural extracellular matrix (ECM). This
biomimicry facilitates cellular adhesion, proliferation, and nutrient diffusion, positioning
electrospun materials as promising candidates for a broad spectrum of biomedical applica-
tions, including wound healing, drug delivery, enzyme immobilization, tissue engineering,
and biosensing [1-5].

Several review articles have addressed the development and biomedical applications
of electrospinning. For instance, Chronakis [6] summarized the processing techniques and
applications of electrospun fibers, emphasizing their structural similarity to ECM scaffolds.
Pant et al. [7] focused on core-sheath nanofibers for drug delivery, highlighting the potential
of coaxial electrospinning in achieving controlled release and multi-agent encapsulation.
More recently, Liang et al. [8] reviewed advances in tendon-bone interface engineering
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using aligned electrospun fibers, underscoring the relevance of fiber orientation and bio-
functionalization. While these studies collectively demonstrate the broad applicability of
electrospun materials, challenges such as batch-to-batch variability, solvent toxicity, and
scalability persist, limiting clinical translation.

Notably, most existing reviews concentrate on isolated application areas and rarely
address the convergence of electrospinning with emerging technologies such as 3D bio-
printing, microfluidics, or stimuli-responsive systems, which are advancements that are
critical for the development of next-generation biomedical devices.

The present review aims to provide a comprehensive and up-to-date overview of
electrospinning in biomedical applications, offering a systematic analysis of the underlying
principles, material classifications, and key operational parameters. The discussion spans
multiple application areas, including tissue engineering scaffolds, drug delivery systems
(DDS), enzyme carriers, biosensors, and protective mask materials. Emphasis is placed
on the unique functional attributes of electrospun fibers—such as bio-mimetic structural
design, bioactive payload capacity, cellular modulation, and smart response—as well as on
current limitations and future directions.

By integrating recent findings and interdisciplinary innovations, this review out-
lines the technological landscape and prospective advancements in electrospinning, with
particular attention paid to multifunctional integration, sustainable processing, and trans-
lational potential. This synthesis aims to inform researchers and clinicians of the state-
of-the-art methods and guide future efforts in developing intelligent and personalized
biomedical solutions.

2. Overview of Electrospinning Technology
2.1. Principle of Electrospinning Technology

Electrospinning technology is a method capable of fabricating ultrafine fibers, and it
currently represents the direct and continuous approach to preparing polymer nanofibers.
It finds extensive application in organic and inorganic polymer solutions or melts [9],
employing minimal flow rates to impart kilovolt tension to viscous mixtures, thereby
transforming these fluids into fibers [10]. Fibers produced through electrospinning typically
exhibit diameters spanning from tens of nanometers to tens of micrometers, characterized
by high precision and uniformity. Additionally, the electrospinning fiber webs possess
high porosity and large specific surface areas [11], along with properties such as high
magnetic permeability, low basis weight, and the capacity to retain electrostatic charges [6].
In 1934, Formalas [12], while researching electrospinning technology, invented a device for
preparing polymer fibers using this technique. The patent clearly elucidates the principle
of converting solutions into fibers, marking it as the first detailed description of a device
utilizing high-voltage electrostatics for fiber preparation, thereby heralding the advent of
electrospinning fiber preparation technology.

The equipment for electrospinning typically comprises the following four main com-
ponents: a high-voltage power supply, a collection device, a solution storage unit, and an
ejection device, among others. The prevalent spinning techniques are vertical spinning [13]
and horizontal spinning [14], as illustrated in Figures 1 and 2, respectively. During the fabri-
cation process, a high-voltage power supply, ranging from several thousand volts to several
tens of thousands of volts, is employed to establish a voltage differential between the
solution and the collection device. This enables the solution to overcome its surface tension
and form a Taylor cone [15]. When the voltage reaches a critical level, the electrostatic force
acting on the polymer solution or melt becomes sufficient to overcome both the surface
tension and viscous resistance of the fluid. Consequently, a charged jet is ejected from the
apex of the Taylor cone towards the cathode. This charged jet undergoes unstable bending
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and rapid oscillations in the air, causing it to stretch and thin out dramatically, resulting in
ultrafine fibers that eventually deposit onto the surface of the collection device [16].

High voltage supply

Spinning nozzle

Collector plate

Figure 1. Schematic diagram of the vertical electrospinning device.

High voltage supply

Collector plate

Syringe Spinning nozzle

Figure 2. Schematic diagram of the horizontal electrospinning device.

2.2. Classification of Electrospinning Technology

Electrospinning technology can be categorized into the following two types based
on the distinct states of the polymers employed in the spinning process: melt electrospin-
ning [17] and solution electrospinning [18].

Melt electrospinning has garnered significant attention in both academic and industrial
circles, owing to its absence of toxic solvents and capacity for large-scale production. This
technique involves heat transfer through a molten jet, facilitating a solvent-free and mass-
transfer-exempt process that yields microfibers thicker than those produced via solution
electrospinning, which typically results in nanofibers [19]. As a solvent-free process [20],
melt electrospinning offers cost reduction, enhanced productivity, and environmental
friendliness [21]. Notably, even in the absence of suitable solvents, melt electrospinning
can produce highly uniform nanofibers with nearly identical fiber diameters [22]. While
melt electrospinning offers a solvent-free alternative to traditional electrospinning methods,
it is accompanied by several drawbacks that may limit its effectiveness and applicability.
Challenges related to nanoscale fiber diameter, thermal degradation, limited polymer
selection, equipment complexity, and jet stability, among others, underscore the necessity
for ongoing investigation and innovation in this field [23-27]. Addressing these issues
is crucial for unlocking the full potential of melt electrospinning in various applications,
particularly in tissue engineering and DDS.
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Solution electrospinning entails mixing organic solvents and raw materials in precise
proportions to form a solution, which is then sprayed as a jet under high pressure. This
jet undergoes stretching and oscillation in the air before being deposited onto a rotating
collector, ultimately yielding nanofibers [28]. The process hinges on solvent mass transfer
and evaporation to create ultrafine fibers. However, a major limitation in this method stems
from the use of organic solvents, which are often volatile, toxic, and flammable, posing
challenges in the preparation of nanofibers [29]. In addition, solution electrospinning
encounters several challenges [30], including the need for a high-voltage power supply,
susceptibility to needle tip clogging, and limited control over fiber arrangement, orientation,
and structure. Furthermore, this technique is only applicable to charged polymer solutions
and presents difficulties in scaling up for industrial production [31].

2.3. Factors Affecting Electrospinning

As shown in Figure 3, there are numerous influencing factors involved in the preparation
process of electrospinning [32-34], which can be broadly categorized into the following four
groups: the properties of the solution or melt, spinning process factors, and environmental
parameters. Specifically, the properties of the solution encompass concentration, solvent
properties, viscosity, and conductivity. The spinning process factors include voltage level,
collection distance, feed rate, and nozzle diameter. Environmental parameters, on the other
hand, encompass temperature, humidity, and indoor airflow control. The selection of collector
type also plays a critical role in determining fiber morphology and alignment characteristics.
The following three primary collector configurations are commonly employed: (1) static
flat plate collectors, which produce randomly oriented nonwoven fiber mats; (2) rotating
drum collectors that enable the fabrication of aligned fiber architectures through mechanical
stretching; and (3) specialized patterned collectors designed for creating three-dimensional
fibrous structures. Particularly for rotating drum systems, the rotational velocity serves as a
crucial processing parameter, where increased angular velocity induces greater fiber alignment
by enhancing uniaxial tensile forces during fiber deposition.
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Figure 3. Factors that affect electrospinning.

Varying these parameters can significantly impact the properties of the nanofibers. By
adjusting these parameters accordingly, nanofibers with diverse properties can be produced
for application in various fields.
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3. Overview of Biomedical Materials
3.1. Introduction to Biomedical Materials

Biomedical materials, specifically designed for medical applications, are a category
of specialized materials characterized by their unique properties and functions. They
are utilized for treating injuries, restoring the functionality of human tissues or organs,
and diagnosing or treating diseases, all without posing any harm to the human body.
Typically, they encompass tissue engineering materials [8], wound healing dressings [35],
drug delivery vector materials [36], immobilized enzyme materials [37], biosensors [38],
and more. Consequently, advancements in biomedical materials contribute significantly to
medical progress and enhance people’s quality of life.

Based on the level of biochemical reactions they undergo in physiological environ-
ments, biomedical materials are categorized into inert, active, degradable, and absorbable
biomedical materials.

Furthermore, as shown in Table 1 [39-53], depending on their composition and prop-
erties, they are classified into biomedical metal, ceramics, polymer materials, composite
materials, and bioderived materials [54].

Table 1. Types and examples of different class biomaterials.

Types of Biomaterials Examples References

Stainless Steel (316L);

Biomedical Metals Titanium(Ti-6Al-4V) [39-41]
. . Hydroxyapatite (HA);
Bioceramics Zirconia (ZrO») [42-44]
Biopolymer Materials Poly(lachc—co—gl(};(:,r(glc acid) (PLGA); [45-47]
. . ) HA /Chitosan Composites;
Biocomposite Materials PEEK/Carbon Fiber Composites [48-50]
Bio-derived Materials Decellularized Extracellular Matrix (dECM); [51-53]

Silk Fibroin

3.2. Requirements of Electrospun Biomedical Materials

Biomedical materials prepared through electrospinning technology, such as artifi-
cial organs and wound dressings, serve as substitutes for damaged organs and tissues,
significantly enhancing the success rate of treatment. However, to avoid adverse biolog-
ical reactions during clinical application, medical supplies must adhere to the following
three fundamental principles: Firstly, they must exhibit excellent biocompatibility, mean-
ing that, upon contact with the body, they should not elicit inflammation, foreign body
reactions, or coagulation. Secondly, the materials must possess stable chemical properties,
characterized by high corrosion resistance and non-reactivity with the body’s metabolic
biochemistry or enzyme catalysis, ensuring that their performance remains consistent
over time. Thirdly, they must possess suitable mechanical properties. Depending on their
application in different parts of the human body, materials may require high strength and
toughness, or they may need to be elastic. Additionally, the requirements for the shape,
structure, and absorption properties of medical materials vary accordingly.

When utilizing electrospinning technology to produce medical supplies, raw material
selection, process design, and quality control should all adhere to these three principles.
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4. Application of Electrospinning Technology in the Preparation
of Biomaterials

In recent years, significant advancements have been achieved in the research of electro-
spinning technology within the realm of biomedical materials. The micro-nano fibers fabri-
cated via this technology possess distinctive features such as unique structural biomimicry,
high specific surface area, and functionalizable properties. Consequently, they have found
extensive applications in various fields, including tissue engineering materials, drug deliv-
ery carriers, biosensors, enzyme immobilization carriers, and medical mask materials.

4.1. Tissue Engineering Scaffolds

Tissue engineering scaffolds serve as alternative tissues for the transplantation, re-
construction, and repair of human organs and tissues, with the pivotal component being
the “biological scaffold” [55]. Its primary role is to procure adequate nutrients from tis-
sues to sustain cellular life and to facilitate the regular removal of metabolic waste. The
scaffolds must possess certain qualities, including high porosity, a large specific surface
area, adjustable structural strength, non-immunogenicity [56], and excellent biocompat-
ibility, among others. Thanks to its numerous advantageous properties, electrospinning
technology enables the regeneration and treatment of target tissues and finds widespread
application in areas such as bone, cartilage, blood vessels, skin tissue, and neural tissue.

4.1.1. Bone Tissue Engineering

Bone injuries and defects resulting from congenital malformations, accidents, tu-
mors, and other factors can impair the normal physiological functions of the human
body. With the growing proportion of the elderly population, the incidence of degener-
ative bone diseases has also increased. Hence, there is an urgent need to address such
therapeutic challenges.

Wu et al. [57] blended a copolymer of lactide and caprolactone (PLCL) with gelatin
(Gel) or collagen (Col) and fabricated a scaffold membrane through electrospinning tech-
nology (voltage: 16-18 kV; receiving distance: 17 cm; liquid supply rate: 3 mL/h; spin-
ning time: 2 h; spinning temperature: 25 °C). This membrane was then cultured with
mouse cranial pre-osteoblastic cell lines, followed by MTS colorimetric and cell miner-
alization assessments. Both PLCL/Gel and PLCL/Col composite membranes exhibited
the ability to enhance cell adhesion and proliferation, demonstrating a certain osteogenic
induction effect.

Fu et al. [58] prepared radial bioplastic poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
(P34HB) electrospun fiber scaffolds. The morphology of stem cells on these scaffolds post-
culture was observed under a fluorescence microscope, and cell viability assessments were
conducted. The results indicated that the P34HB electrospun fiber scaffolds could enhance
the locking and fixation between implants and bones.

Peidavosi et al. [59] fabricated piezoelectric responsive and conductive nanofiber series
comprising binary polycaprolactone/barium titanate (PCL/BT), PCL/polyaniline (PANI),
and ternary PCL/PANI/BT composites using electrospinning technology, followed by MTT
cytotoxicity tests. All samples exhibited non-toxicity, with cell growth and proliferation
observed. These composite fibers serve as active platforms for cell growth and proliferation,
presenting themselves as promising substitutes for bone tissue engineering scaffolds.

Massoumi et al. [60] employed electrospinning technology to fabricate novel con-
ductive nanofiber scaffolds comprising chitosan-grafted polythiophene (CTS-g-PTh) and
a blend (3/1, w/w) of chitosan-grafted polythiophene (CTS-g-PTh) with polycaprolac-
tone (PCL). Their findings revealed that, within the same timeframe, the CTS-g-PTh/PCL
scaffolds exhibited a slightly higher cell proliferation rate, enhanced nanofiber unifor-
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mity, and superior performance. These studies collectively underscore the potential of
nanofibers prepared via electrospinning with diverse raw materials for applications in bone
tissue engineering.

4.1.2. Cartilage Tissue Engineering

Cartilage tissue is a type of avascular connective tissue characterized by its slow
metabolism, healing process, and regeneration capacity, necessitating the use of appro-
priate biomaterial scaffolds to facilitate tissue regeneration and repair [61]. Electrospun
nanofiber scaffolds, mimicking the fibrous structure of the extracellular matrix, have gar-
nered considerable attention in research focused on cartilage tissue repair.

Sadat et al. [62] incorporated 5 wt.% and 7 wt.% of glucosamine sulfate (GAS) into a
poly(3-hydroxybutyrate)-chitosan (PHB-CTS) composite solution, utilizing GAS as the nat-
ural extracellular matrix (ECM) of cartilage tissue, to fabricate nanofibers. These nanofibers
were evaluated in terms of their mechanical properties, adipose-derived stem cell prolif-
eration, and stem cell differentiation. The study revealed that the incorporation of GAS
enhanced the hydrophilicity of the fibers and the extent of cartilage differentiation.

Xu et al. [63] developed a nanofiber scaffold through the electrospinning of a composite
solution, which contained a total solute concentration of 10% and maintained a weight ratio
of PCL to gelatin at 1:1. Six New Zealand white rabbits were selected for subcutaneous
implantation of sterilized nanofiber scaffolds along their dorsal midline, while another
six rabbits served as the control group without any material implantation. At eight weeks
post-implantation, cellular proliferation was observed around the implanted material,
forming distinct fibrous capsule walls, suggesting that the scaffold facilitated cell growth.

Movahedi et al. [64] prepared a fiber scaffold composed of hydrophobic PHB and
hydrophilic starch via electrospinning technology, reinforced with halloysite nanotubes
(HNTs). SEM imaging (as shown in Figure 4) and MTT assays demonstrated that the
nanofibers incorporating HNTs exhibited smaller diameters and larger pores. Further-
more, HNTs supported cell growth and attachment, rendering them suitable for cartilage
tissue applications.

Implanting biomaterials capable of controlling the release of antibacterial agents
during articular cartilage repair can prevent postoperative infections. Samie et al. [65]
fabricated a biomimetic non-woven nanofiber scaffold loaded with cefixime trihydrate
(CFX), incorporating varying proportions of PCL, polylactic acid (PLA), and silk fibroin (SF)
through the use of electrospinning technology. By adjusting the formulation and processing
parameters, the release profile of the drug can be tailored. This scaffold exhibits antibacterial
activity against Staphylococcus aureus and Escherichia coli under static in vitro conditions.
When cocultured with the NIH-3T3 fibroblast cell line, the drug-loaded nanofiber mat
demonstrated comparable cell compatibility to pure polycaprolactone nanofibers.

4.1.3. Vascular Tissue Engineering

Currently, cardiovascular and cerebrovascular diseases are increasingly prevalent
in our daily lives. When confronted with these conditions, drug treatment often proves
ineffective, necessitating vascular graft surgery. While large-diameter vascular stents have
been extensively utilized in clinical settings, small-diameter vascular stents (with a diameter
of less than 6 mm) are still under investigation. This is due to their stringent requirements
in terms of blood compatibility [66] and mechanical strength, as well as the challenges
associated with post-transplantation issues such as thrombosis, inflammation, and stent
occlusion [67].

Chernonosova et al. [68] fabricated vascular grafts with a diameter of 80.1 mm through
electrospinning technology by blending polyurethane with gelatin or bivalirudin. Their
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research revealed that the vascular prosthesis generated in small animal models (mice and
rats) exhibited superior blood and biocompatibility.
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Figure 4. SEM micrographs and fiber diameter histogram of PHB (A F); PHB-starch (B,G);
0.5 wt.% (CH), 2 wt.% (D,I), and 2.5 wt.% (EJ) of incorporated HNTs. Reproduced with permission
from Ref. [64], Copyright 2022, Elsevier B.V.

Hosseinzadeh et al. [69] devised a substrate capable of controlling the thickness of
blood vessel walls. By mixing gelatin with growth hormone and utilizing electrospinning
technology, they created fiber scaffolds. Upon comparing mechanical strength, cell pro-
liferation, and release kinetics, they discovered that the integration of growth hormone
into nanofibers resulted in a sustained-release effect, thereby enhancing the proliferation of
vascular tissue cells.

Wu et al. [70] incorporated heparin into the materials used for preparing vascular
stents and implanted these fiber stents into the femoral artery defects of dogs. Through
angiography, it was observed that the sustained release of heparin exhibited anticoagulant
therapeutic effects.
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4.1.4. Skin Tissue Engineering

The skin serves as a tissue and organ in direct contact with the external environment
of the human body. When damaged, it can result in impaired barrier function and trig-
ger infections. Traditional wound dressings exhibit weak antibacterial and anti-infective
properties and are prone to adhering to the wound surface [71]. Removing these dressings
can cause pain and inadvertently tear off newly formed skin, hindering the recovery pro-
cess. There are two conventional methods for skin defect transplantation, autologous skin
transplantation and xenotransplantation [72].

However, both methods have their respective drawbacks. Autologous skin transplan-
tation may lead to uneven skin texture, necrosis, and insufficient skin grafts for large-scale
transplantation. On the other hand, xenotransplantation can elicit rejection reactions,
causing swelling, systemic fever, and lymphocyte proliferation as the patient’s body does
not adapt to the foreign tissue. Electrospun fabrics boast high porosity and excellent air
permeability. The raw materials used for their preparation are abundant, enabling the
fabrication of nanofibers from gelatin, CTS, and polyurethane, among others [73]. The
wound dressings produced from these fibers exhibit excellent air permeability, strong
absorptive capacity, robust antibacterial properties, and effective hemostasis [74].

Ranjbarvan et al. [75] utilized polysaccharides and nylon 66 as raw materials to create
highly efficient composite nanofibers. Following cell seeding, real-time PCR technology
was employed to monitor epidermal gene expression. Immunohistochemical analysis
revealed that the fiber scaffolds preserved the inherent properties of keratinocytes and
exhibited elastic characteristics akin to natural skin. Agnes Mary et al. [76] discovered
that the hydrophobicity of polycaprolactone hindered its application in tissue engineering
materials. Consequently, the contact angle of PCL nanofiber mat incorporating 15% (by
mass) aloe extract was reduced by 61° (from 89° to 28°), compared to those without
aloe extract, indicating an increase in hydrophilicity, thus ultimately resulting in a faster
proliferation rate of fibroblasts. These enhanced nanofibers hold potential for use in skin
tissue dressings. Norouzi et al. [77] encapsulated epidermal growth factor within polylactic
acid-glycolic acid copolymer (PLGA) nanofibers and assessed the proliferation of human
fibroblasts. Their findings indicated that the scaffold released epidermal growth factor
at a desired rate while maintaining excellent biocompatibility, rendering it suitable for
applications in skin tissue engineering.

Li et al. [78] leveraged the potent antibacterial activity of CTS, along with the hemo-
static capabilities of collagen, to develop nanofiber-based dressings, thus discovering that
when the CTS ratio exceeded 65%, the nanofibers exhibited enhanced antibacterial efficacy
against Escherichia coli and Staphylococcus aureus. Cui et al. [79] utilized PVA-styrene pyri-
dinium salt and zein as raw materials to fabricate composite nanofibers with varying mass
ratios through electrospinning technology. Flavonoid glycosides were loaded onto these
fibers. When compared with Vaseline gauze, the nanofiber membrane served as a control.
It was observed that Vaseline gauze adhered to wounds, potentially causing secondary
damage upon removal due to tearing. In contrast, the nanofiber membrane possessed
degradability and gradually detached from the skin over time.

4.1.5. Dental Implants Scaffolds

The application of electrospun scaffolds in dental implants is supported by various
studies highlighting their potential benefits. For instance, Xu et al. demonstrated that
electrospun nanofibers can mimic the ECM, which is crucial for cell attachment and prolifer-
ation, thereby enhancing tissue integration around dental implants [80]. Similarly, Mathur
et al. reported that electrospun gelatin scaffolds embedded with silver nanoparticles exhib-
ited significant antimicrobial properties, promoting soft tissue attachment and reducing the
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risk of infections around dental implants [81]. Furthermore, the study by V et al. indicated
that a nanocomposite fibrous scaffold could enhance osseointegration in rabbit mandibular
defects, suggesting that electrospun scaffolds can effectively promote new bone formation
and integration with dental implants [82]. These findings collectively underscore the ability
of electrospun scaffolds to improve the biological performance of dental implants through
enhanced cell interaction and tissue regeneration.

Despite the promising applications of electrospun scaffolds in dental implants, there
are notable concerns regarding their effectiveness. For example, while the study by Anitua
et al. highlighted the benefits of using growth factor-rich scaffolds for bone regeneration, it
also pointed out that the success of such scaffolds can be variable and dependent on the
specific biological environment [83]. Additionally, the research by Kavoosi et al. empha-
sized that, while electrospun scaffolds can enhance cell adhesion, they may also present
challenges such as low mechanical strength and potential inflammatory responses due
to degradation products [84]. Moreover, the study by Liu et al. indicated that the inte-
gration of electrospun scaffolds with existing bone structures can be inconsistent, leading
to variable outcomes in clinical applications [85]. These limitations suggest that, while
electrospun scaffolds have potential, their practical application in dental implants may face
significant hurdles.

4.1.6. Summary

Electrospinning technology exhibits vast application potential in the field of tissue
engineering, as it enables the fabrication of nanofiber scaffolds characterized by high
porosity, a large specific surface area, and a biomimetic ECM structure. Presently, a wide
array of biocompatible polymers and their composites have been successfully converted
into nanofiber scaffolds using electrospinning technology, finding applications in tissue
engineering for bones, cartilage, blood vessels, skin, and other tissues. This underscores the
remarkable advantages of electrospun scaffolds in terms of biomimetic structural design,
bioactive payload capacity, and cellular modulation.

4.2. Drug Delivery Carriers

Currently, a variety of DDS have emerged in the medical field, enhancing the thera-
peutic efficacy of drugs while mitigating their toxicity and side effects. The ideal attributes
of DDS encompass high drug loading capacity, low cost, ease of operation, and robust
controllability of drug release rate, all of which can be achieved through the preparation
of nanofibers via electrospinning technology. Nanofibers can be fabricated using a wide
range of raw materials, including large and small molecule drugs, as well as various other
materials, enabling them to exhibit pharmacological effects while also offering controlled
release capabilities [86]. The majority of research on nanofiber-based DDS focuses on
stimulus-responsive systems, where drug release behavior is contingent upon changes in
environmental parameters such as pH, temperature, and magnetic fields. By altering the
raw material mass ratio or preparation parameters, electrospinning technology allows for
the adjustment of the drug release rate in nanofiber DDS.

4.2.1. Anti-Infective Drug Delivery System Using Electrospun Nanofibers

When the body’s immune system is weakened, it becomes susceptible to microbial
infections, including bacteria, mycoplasmas, viruses, and parasites. The most prevalent
treatment approach is the administration of antibiotics. However, excessive reliance on
antibiotics can readily enhance microbial resistance. Consequently, there is a pressing
need to develop an efficient antibiotic delivery system that targets the site of infection,
thereby preventing overmedication. Electrospinning technology allows for the fabrication
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of nanofiber materials loaded with anti-infective drugs, exhibiting remarkable anti-infective
efficacy, as illustrated in Table 2.

Table 2. Typical representatives of electrospinning technology in anti-infective DDS.

Antibacterial Active
Ingredients

Carrier of Active
Ingredients

Product Form

Performance

References

Nano silver

PET nanofiber

membrane

Good antibacterial and
anti-biofilm activity against Gram
positive bacteria, Gram negative
bacteria, and fungi, with reduced
cytotoxicity and weakened
inflammatory effects.

(87]

Metronidazole
(MNA)

PCL nanofiber

membrane

The loaded MNA can be released
in a controlled manner, and the
sustained release time can exceed
two weeks.

(88]

Nano-silver,
Vancomycin

Collagen
nanofiber

membrane

The bactericidal effect on
Escherichia coli and Staphylococcus
aureus was better than the samples
loaded with a single antimicrobial
drug component.

(89]

2% Chlorhexidine

PVA nanofiber

membrane

It has a significant antibacterial
effect on Candida albicans and
E. faecalis in the oral cavity.

[90]

Ciprofloxacin
Hydrochloride and
Gentamicin Sulfate

Gelatin nanofiber

scaffold

Improved antimicrobial properties
of gelatin scaffolds against
Pseudomonas aeruginosa and

Staphylococcus aureus.

[91]

Rifampicin,
Vancomycin,
Linezolid,
Daptomycin

PCL, PLGA
nanofiber
composite

coating

Effective in preventing bone/joint
tissue infections and biofilm
formation on implants.

[92]

Naringenin

PCL, PEG
nanofiber

mat

Sustained release of Naringenin at
high concentrations of Nrg;
comparable re-epithelialization
and wound closure effects to
commercially available phenytoin
sodium ointment.

[93]

Ciprofloxacin

PVA, CTS, SF
nanofiber

mat

The prepared PChS mats showed
bactericidal activity against
Escherichia coli and
Staphylococcus aureus.

[94]

Tannic acid

CTS, PVA
nanofiber

sponge

High porosity, high water
absorption and retention capacity,
high hemostatic capacity, high
antimicrobial and antioxidant
capacity, showing high
biocompatibility to L929 cells and
ability to accelerate
wound healing.

[95]
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Table 2. Cont.
Antlbacten‘al Active  Carrier Of. Active Product Form Performance References
Ingredients Ingredients
Nanofiber mats containing
) . concentrations of 0.5% and
Syzgf;r“a”c’tc(‘ggf};)leaf PLSaﬁ:) I;;g/m mat 1% (w,/v) of SCLE showed better [96]
antimicrobial effects than pure
extracts of the same concentration.
Microcrystalline Good cytocompatibility, showing
Natural propolis Cellulose, CTS wound dressing s1gn1f1canthbacter1c1da.1 gffects [97]
nanofiber against both Gram positive and
negative bacteria.
The drug-loaded complexes
inhibited bacterial growth, the
wound closure rate was
. . significantly higher in wounds
Antimicrobial SF nanofiber SE fﬁs;‘r{b&lg;l;otm covered by bilayer complexes 98]
peptide CM11 loaded with 32 pg/mL of CM11,

bil it . .
Hayer Compostte  and the relative expression levels

of collagen type I, collagen type III,
TGF-B1, and TGF-f33 were higher
than those in other groups.

4.2.2. Electrostatically Spun Nanofiber Drug Delivery System with
Anti-Inflammatory Properties

Inflammation is a defensive response of the body to various stimuli, which is generally
beneficial; however, if not effectively controlled, it can lead to serious consequences such
as fever, toxic shock, and hypotension. Anti-inflammatory medications primarily include
non-steroidal anti-inflammatory drugs and steroidal anti-inflammatory drugs. Ideally,
these agents provide rapid symptomatic relief. Consequently, many researchers have
incorporated anti-inflammatory drugs into nanofibers to investigate their drug release rates
and anti-inflammatory effects. Some examples are included below.

Kamath et al. [99] prepared ibuprofen-loaded PCL nanofiber interlayers within a
sandwich-structured fiber mat. Various drug-loaded nanofiber mats were fabricated by
altering the concentration of PCL in the core layer. The study’s findings indicated that
the crystallinity and hydrophobicity of the core fibers significantly influenced the release
behavior of ibuprofen, while no chemical reaction occurred between ibuprofen and PCL
fibers, ensuring that the drug’s efficacy remained unaffected.

He et al. [100] incorporated ibuprofen into PLGA /PLA composite nanofibers to de-
velop guided tissue regeneration membranes for periodontal surgery. In vitro drug release
tests demonstrated that there was no abrupt release of ibuprofen; additionally, the drug-
carrying fibrous membrane system exhibited excellent biocompatibility, effective barrier
function, and a slow-release profile.

Immich et al. [101] investigated drug release from PCL sandwich membranes pro-
duced via an electrostatic spinning process. Their research revealed that the mechanisms
governing drug release behaviors were primarily determined by membrane thickness
rather than drug concentration.

Su et al. [102] developed aspirin (AS)/corn starch (ST)/polyvinyl alcohol (PVA) com-
posite nanofiber membranes using electrostatic spinning technology. Results from in vitro
dissolution experiments indicated that the controlled release of AS could be achieved by
adjusting both its loading amount and the ratio of PVA to ST.
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4.2.3. Anti-Tumor Class Electrospun Nanofiber Drug Delivery System

Currently, the predominant modalities for cancer treatment are chemotherapy and
radiotherapy. Chemotherapy typically involves the administration of cytotoxic agents
aimed at inhibiting the proliferation of cancer cells; however, this approach can result in
significant adverse reactions. Consequently, a more desirable therapeutic strategy is to
achieve targeted drug delivery that primarily affects tumor tissues while sparing normal
cells. Examples are included in Table 3.

Table 3. Typical representatives of electrospinning technology in anti-tumor DDS.

Anticancer Active

Carrier of Active

. . Product Form Performance References
Ingredients Ingredients
In contrast to the pristine PLA
nanofibers, those incorporated
. . . . with 0.2 wt.% cisplatin exhibited
Cisplatin PLA nanofibers  nanofibrous mats significant inhibitory effects on [103]
oral squamous cell carcinoma cell
(CAL-27) proliferation in vitro.
Paclitaxel and Polypropylene fibrous S1gn1f1cant.1nh1b1t1on of A.5 49 ll'mg
Cisplatin carbonate fiber membrane adenocarcinoma cell proliferation [104]
was observed in vitro.
Core-shell nanofibers showed
Core-shell sustained release (>480 h),
structured outperforming uniaxial fibers.
nanofibers They suppressed MKI67,
Sirolimus composed of a nanofibrous mats MMP-2/9 in glioma cells in vitro, [105]
PCL core and a and exhibited superior antitumor
CTS/PCL efficacy in vivo (smaller tumors,
composite shell increased necrosis, no toxicity)
versus drug suspensions.
The electrospinning process
Regenerated preserved the secondary structure
Curcumin and SF/PEG fibrous of silk fibroin, Wh.ﬂe the‘
5_fluorouracil composite membrane co-encapsulated dual ingredients [106]
nan opgibers exhibited sustained release
profiles (400 h) from the
nanofibrous membranes.
Significant antitumor efficacy was
Sodium observed, achieving a 94% tumor
dichloroacetate PLA nanofibers = nanofibrous mats inhibition rate (p < 0.05) and a [107]
38% complete remission rate in
tumor-bearing mice.
In vitro XTT assays demonstrated
significantly enhanced cytotoxicity
of resveratrol-loaded nanofibrous
scaffolds (RSV NFS) against U87
mPEG-PCL block glioma cells. Compared to
Resveratrol copolymer nanofibrous mats equivalent doses of free [108]
nanofibers resveratrol, RSV NFS treatment

resulted in markedly reduced
clonogenic capacity, impaired cell
migration, and suppressed
invasive potential.
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4.2.4. Intelligent Response Electrospun Nanofiber DDS

The advancement of responsive systems capable of modulating drug delivery in accor-
dance with the microscopic environment, by integrating bio-responsive and environment-
sensitive properties into nanofibers, facilitates targeted drug therapy. For instance, as
shown in Table 4, pH-responsive and temperature-sensitive smart fibers can release drugs
under specific conditions, thereby enhancing therapeutic efficacy while minimizing toxic

side effects.

Table 4. Representatives of different response types of DDS.

Carrier of Active

Active Ingredients Ingredients Response Type Performance References
Achieved a drug loading capacity
P(NIPAAm- exceeding 90%, allowing for the
DOX MAA-VP) controlled release of DOX at [109]
nanofiber physiological pH levels ranging
from 5.4 to 7.4.
pH The hydrazone bond was cleaved
Adri . hydrazone at a-p.pr(?ximately pH =5,
riamycin bonded HA f.ac111ta.t1ng the releasg of [110]
hydrochloride . adriamycin hydrochloride and
nanofiber L
thereby achieving targeted
therapeutic effects.
The drug-loaded nanofibers
derived from the PNIPAM/PCL
Ibuprofen PNH;?M/PCL combination exhibited the [111]
end .
controlled release of ibuprofen at
temperatures of 25 °C and 34 °C.
Modulating the ambient
poly-L-propylene temperature above the lower
. . carbon- critical solution temperature
Crystalline violet ate/PNIPAM (32 °C) of PNIPAM eIf)fectively [112]
nanofiber facilitated control over crystalline
violet release.
PDANPs possess photothermal
conversion properties; when the
Temperature temperature reaches a specific
Curcumin and threshold, they can induce tumor
PCL nanofiber cell death and facilitate the release [113]
PDANPs . .
of curcumin. This process not only
inhibits tumor cell growth but also
promotes the clearance of
these cells.
This study demonstrated the
controlled release of the
encapsulated
5(6)- P(HEA-CA- 5(6)-carboxyfluorescein at [114]
carboxyfluorescein EMA) nanofiber temperatures exceeding the lowest

critical solubilization temperature,
thereby achieving a regulated
drug release profile.
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Table 4. Cont.
Active Ingredients Carrier Of. Active Response Type Performance References
Ingredients
This type of nanofiber hydrogel
exhibited a rapid temperature
response when the water
temperature alternated between
copolymer of 20 °C and 55 °C. Additionally, its
(NIPAM) and loading capacity was enhanced
Dextran N-hydroxymeth- Temperature during temperature fluctuations [115]
acrylamide from 15 °C to 47 °C. Notably, it
nanofiber was observed that the

drug-loaded dextran was released
in an “on/off” manner as the
temperature varied between 15 °C
and 47 °C.

(). pH-stimulated response drug delivery system

Salehi et al. [109] developed nanofibers incorporating doxorubicin (DOX) through
the electrospinning of pH-sensitive N-isopropylacrylamide-methacrylic acid-vinyl pyrroli-
done (P(NIPAAm-MAA-VP)). This system achieved a drug loading capacity exceeding
90%, allowing for the controlled release of DOX at physiological pH levels ranging from
54to7.4.

Jiang et al. [110], leveraging the overexpression of hyaluronic acid (HA) receptors on
the surface of most malignant tumor cells, demonstrated that HA could serve as both a
micellar carrier for protecting DOX and a ligand for targeted therapy in tumor cells. Con-
sequently, they constructed hyaluronic acid-hydrazone bond-adriamycin hydrochloride
nanofibers, wherein the hydrazone bond was cleaved at approximately pH = 5, facilitating
the release of adriamycin hydrochloride and thereby achieving targeted therapeutic effects.

(ii). Temperature-stimulated response drug delivery system

Toan et al. [111] and colleagues developed composite electrospun nanofibers incor-
porating the drug ibuprofen, utilizing polycaprolactone (PCL), a temperature-responsive
polymer known as N-isopropylacrylamide (PNIPAM), and a PNIPAM/PCL blend. Their
findings indicated that the drug-loaded nanofibers derived from the PNIPAM/PCL combi-
nation exhibited the controlled release of ibuprofen at temperatures 25 °C and 34 °C.

Elashnikov et al. [112] synthesized poly-L-propylene carbonate/ PNIPAM temperature-
responsive nanofibers containing crystalline violet in varying ratios. They discovered that
modulating the ambient temperature above the lower critical solution temperature (32 °C)
of PNIPAM effectively facilitated control over crystalline violet release.

Zhou et al. [113] incorporated curcumin and polydopamine nanoparticles (PDANPs)
into polycaprolactone (PCL) nanofibers. The study revealed that PDANPs possess pho-
tothermal conversion properties; when the temperature reaches a specific threshold, they
can induce tumor cell death and facilitate the release of curcumin. This process not only
inhibits tumor cell growth but also promotes the clearance of these cells.

Guo et al. [114] utilized free radical polymerization to prepare poly (hydroxyethyl
acrylate-coumarate acrylate-ethyl methacrylate) (P(HEA-CA-EMA)) as thermos-responsive
nanofibers through an electrospinning technique. The UV-treated P(HEA-CA-EMA)
nanofibers demonstrated the controlled release of the encapsulated 5(6)-carboxyfluorescein
at temperatures exceeding the lowest critical solubilization temperature, thereby achieving
a regulated drug release profile.
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Zheng et al. [115] synthesized a copolymer of N-isopropylacrylamide (NIPAM) and
N-hydroxymethacrylamide, subsequently fabricating nanofibers through electrospinning.
These fibers were then dispersed in tert-butyl alcohol via mechanical cutting and shortening,
followed by freeze-drying and heat treatment to produce a porous nanofiber hydrogel. The
study revealed that this type of nanofiber hydrogel exhibited a rapid temperature response
when the water temperature alternated between 20 °C and 55 °C. Additionally, its loading
capacity was enhanced during temperature fluctuations from 15 °C to 47 °C. Notably, it
was observed that the drug-loaded dextran was released in an “on/off” manner as the
temperature varied between 15 °C and 47 °C.

4.2.5. Summary

Electrostatic spinning technology can modify the factors that influence the preparation
process, thereby enabling drug-loaded nanofibers to effectively control drug release. In
the context of anti-infection, given the limitations in developing new antibiotics and to
prevent the human body from acquiring resistance to these drugs, it is essential to de-
velop nanofibers that can deliver medication directly at designated infection sites. This
targeted approach minimizes hydrolysis in non-infected tissues and preserves therapeutic
efficacy. Additionally, certain hydrophobic anti-inflammatory drugs can be incorporated
into nanofibers, broadening their application potential. Furthermore, while anti-tumor
drugs exhibit significant inhibitory effects on normal cells, employing controlled DDS
facilitates targeted treatment strategies that aim to reduce the side effects associated with
cancer therapies.

The application of electrostatic spinning technology in smart-responsive DDS offers
significant advantages, particularly in the development of pH-responsive and temperature-
responsive nanofibers. In pH-responsive systems, nanofibers constructed from pH-sensitive
polymers (e.g., PINIPAAmM-MAA-VP)) or targeting ligands (e.g., hyaluronic acid-perylene
bond) can precisely release drugs (e.g., doxorubicin) within the tumor microenvironment
(pH 5.4~7.4), thereby facilitating efficient targeted therapy. Temperature-responsive systems
integrate temperature-sensitive materials such as PNIPAM and PCL with photothermal
agents (e.g., polydopamine nanorods) to achieve controlled drug release (e.g., ibuprofen,
curcumin) at specific temperatures. These systems can also be combined with photothermal
therapy to enhance anti-tumor effects. Such smart responsive systems not only improve the
spatial and temporal controllability of drug delivery but also significantly mitigate toxic
side effects, thus providing innovative approaches for personalized therapy. However,
optimizing material stability and response sensitivity and scaling up production processes
remain critical focuses for future research endeavors.

4.3. Enzyme Immobilization Materials

The stability of enzymes is significantly influenced by environmental factors, including
variations in pH, temperature, and the presence of organic solvents. These factors can
lead to enzyme denaturation and subsequent inactivation. Consequently, the advent of
immobilized enzyme technology has provided solutions to these challenges. Electrospun
nanofiber membranes possess intricate structures and are readily recyclable. Numerous
researchers have utilized these nanofibers for the immobilization of enzymes, and some of
these examples are shown below.

Zheng et al. [116] employed electrospinning technology to fabricate nanofibers of
styrene maleic anhydride copolymer, which were subsequently utilized for the immobiliza-
tion of 3-D-galactosidase. It was observed that the immobilized enzyme retained 85% of
its initial activity after 21 consecutive operations at 37 °C while catalyzing the hydrolysis
reaction of 2-nitrophenol-3-D-galactopyranoside. Furthermore, when applied in a continu-
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ously stirred reactor for lactose hydrolysis, the immobilized enzyme demonstrated stable
operation over a period of 17 consecutive days.

Sui et al. [117] developed polyacrylic acid/PVA fiber membranes using coupling
agents and activators, successfully immobilizing glucose amylase via an activated ester
method. After a storage duration of 12 days, the activity of the immobilized enzyme was
found to be 62% relative to that of the fresh enzyme; additionally, it maintained an activity
level of 40.5% even after being used repeatedly for ten cycles.

Xu et al. [118] prepared PVA and glucose oxidase as components for immobilized en-
zymes, which exhibited sustained activity within electrospun nanofibers and demonstrated
superior current response characteristics compared to those obtained through traditional
casting membrane methods. The electrochemical response properties of these enzyme elec-
trodes were further enhanced by incorporating nano gold into the electrospinning solution.

Silva et al. [119] successfully immobilized trypsin onto electrospun nanofibers utilizing
PET and PLA as carriers; they discovered that this enzymatic preparation could be stored
in water at 4 °C for a minimum duration of 30 days without loss in activity upon reuse up
to eight times, with no observable leaching occurring during this process.

Therefore, electrospinning technology can effectively preserve enzyme activity and
enhance enzyme stability. The application of electrospun nanofibers for enzyme immobi-
lization does not compromise their structural integrity, and a variety of raw materials are
available for both the immobilization of enzymes and the specific modification of enzymes
to meet diverse environmental requirements. This approach is anticipated to improve the
efficiency of enzyme utilization while simultaneously reducing costs.

4.4. Biosensor Materials

Biosensors offer significant advantages in various fields, including environmental
monitoring, clinical medicine, and health assessment. Consequently, their utilization has
become widespread. Human sweat and saliva contain a diverse array of enzymes that
provide valuable information reflecting the body’s health status. When discomfort arises
within the body, these biosensors can promptly and accurately indicate unusual conditions.
Therefore, it is essential for biosensors to possess high sensitivity and stability [120]. Elec-
trospun nanofibers exhibit a large specific surface area, enabling them to accommodate
more biological elements and significantly enhance the sensitivity of biosensors, and some
examples are shown below.

Li et al. [121] prepared zinc oxide precursors through electrospinning, followed by
calcination to produce zinc oxide micro—nanofibers. They utilized the regenerated zinc
oxide fibers to immobilize tyrosinase, which enhanced stability and improved sensitiv-
ity in catechol detection. Xu et al. [122] incorporated carbon nanotubes and magnetic
nanoparticles into electrospun fibers to develop electrochemical impedance sensors and
electroluminescent immunosensors, respectively. These sensors were employed for mon-
itoring formaldehyde, alpha-fetoprotein, and aflatoxin Bl. The sensors fabricated by
leveraging the advantages of nanofibers and nanoparticles demonstrated rapid detection
capabilities, high sensitivity, and excellent stability.

Zhou et al. [123] employed coaxial electrospinning to create a three-dimensional
porous composite nanoelectrode consisting of zinc oxide and copper oxide, significantly
enhancing its sensitivity for glucose monitoring. Jing et al. utilized a spinning solution
composed of Prussian blue, CTS, and PVA to fabricate nanofibers that were subsequently
electrodeposited into chemical sensors. These sensors exhibited remarkable stability in
glucose monitoring without interference from coexisting substances, thereby facilitating
further research on sensor applications for proteins, enzymes, and other analytes.
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Wu et al. [124,125] loaded hemoglobin onto gold nanoparticle-CTS-PVA composite
nanofibers for hydrogen peroxide monitoring; they found that hemoglobin not only re-
tained its electrochemical activity but also enhanced monitoring sensitivity along with high
selectivity and reproducibility, among other benefits.

The primary requirements for biosensors are high sensitivity and excellent selectivity.
Nanofibers produced through electrospinning possess the advantage of high porosity,
which aligns well with the demands of biosensor applications. By incorporating various
raw materials, it is possible to fabricate specific nanofibers that can be extensively utilized
for monitoring a range of target components.

4.5. Application in Mask Filter Materials

After more than three years of the COVID-19 pandemic, masks have become an
essential part of daily life. The protective efficacy of a mask is contingent upon the filter
material utilized. Conventional filter materials typically possess large fiber diameters and
pore sizes, lacking antibacterial properties. Consequently, they are unable to effectively
block certain bacteria and are susceptible to cross-contamination and secondary pollution.
In contrast, electrospun nanofibers exhibit diameters in the nanometer range and can be
infused with antibacterial agents. These nanofibers not only provide efficient filtration
against viruses and bacteria but also demonstrate sterilizing effects [126].

Kangle et al. [127] investigated the impact of electrospun polyvinylidene fluoride
(PVDF) nanofiber membranes on filtration performance across various processing condi-
tions. Through a comparative analysis of multiple spinning techniques, it was determined
that the PVDF nanofiber membrane exhibits high filtration efficiency, low filtration resis-
tance, and an extended service life when produced at a concentration of 15%, with an
applied voltage of 27 kV, a distance of 22 cm, and a flow rate of 2.5 mL/h. Furthermore,
upon incorporating silver nanoparticles into the membrane structure, it was observed that
the antibacterial efficacy of the PVDF nanofiber membrane can exceed 99%.

Baselga et al. [128] utilized trifluoroacetic acid and dichloromethane as solvents,
employing recycled PET as the raw material to produce ultrafine fibers via electrospinning
technology. These ultrafine fibers were incorporated into the filter element layer of a
three-layer medical surgical mask, which demonstrated filtration efficiency exceeding
98.2% for particles with diameters ranging from 0.5 to 10 pm.

The research objectives for masks extend beyond merely achieving small fiber diam-
eters, high porosity, and superior filtration efficiency. There is also a significant interest
in utilizing electrospinning technology to incorporate antibacterial agents into nanofibers,
thereby endowing masks with antibacterial properties. Currently, studies have demon-
strated the feasibility of loading certain antibacterial drugs onto fibers to confer antibacterial
effects [129]; however, these electrospun antibacterial masks are not yet suitable for mass
production and cannot be commercially available at this time.

In summary, electrospinning technology is propelling the evolution of masks towards
enhanced efficiency, intelligence, and environmental sustainability. In the future, it may
progressively supplant traditional melt-blown fabrics as the predominant filtering material,
particularly in high-end protective applications and specialized fields.

5. Conclusions and Outlook
5.1. Conclusions

Electrospinning technology, recognized as an advanced method for the efficient prepa-
ration of nanofibers, has demonstrated significant potential for applications in the field of
biomedical materials in recent years. The resulting nanofibers exhibit several advantages,
including a small diameter, high porosity, large specific surface area, and robust biomimetic
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structures. These characteristics enable them to closely mimic the topological structure of
natural ECM, thereby providing an optimal environment for cell growth, nutrient transport,
and metabolic waste disposal.

Furthermore, electrospinning technology is characterized by its wide adaptability to
various raw materials, controllable morphology, excellent biocompatibility, and ease of
functional modification. These attributes contribute to its extensive utilization in diverse
areas, such as tissue engineering, DDS, wound dressings, enzyme immobilization tech-
niques, biosensors development, and medical protective materials. This research progress
is illustrated in Table 5.

Table 5. Research progress of electrospinning technology in different fields.

Fields

Research Progress

Tissue
Engineering

Bone tissue: enhances cellular activity and promotes both cell proliferation
and differentiation. Blood vessels: improve blood compatibility and
facilitate endothelialization. Skin: accelerates healing processes and

combats infections.

Drug Delivery

The nano scaffold materials generated through electrospinning technology
can be incorporated with a variety of drugs. By modulating the fiber
composition and structure, it is possible to achieve controlled drug release,
thereby enhancing the therapeutic efficacy.

Enzyme
Immobilization

The elevated specific surface area and the modifiable nature of electrospun
nanofibers offer stable platforms for enzyme immobilization, thereby
significantly enhancing both the reusability and stability of enzymes.

Biosensor

The nanofiber structure can be functionalized with basic affinity agents,
such as enzymes and proteins, for use in biosensors. This configuration
enables the detection of target substances, including glucose and
hydrogen peroxide, with high sensitivity. Consequently, it facilitates the
advancement of real-time diagnostic technologies.

Face Mask

Electrospun fiber masks exhibit high filtration efficiency while
maintaining the smoothness of human respiration, thereby enhancing user
comfort. Additionally, these masks possess antibacterial properties. It is
anticipated that they will replace traditional melt-blown fabrics and
facilitate the advancement of protective equipment towards greater
efficiency and intelligence.

5.2. Challenges and Opportunities

Despite the significant advancements achieved in electrospinning technology, several
challenges and opportunities remain to be addressed.

Firstly, the challenges are as follows:

Large-scale production: Currently, electrospinning technology is predominantly at
the laboratory research stage, and significant difficulties remain in achieving the large-
scale production of electrospun nanofibers. During the preparation process, errors may
occur in formulating the polymer spinning solution. Additionally, numerous factors
influence electrospinning technology, making it challenging to consistently control both the
diameter and quality of nanofibers over extended periods. It is recommended to optimize
process parameters—such as voltage, temperature, and humidity control—to enhance fiber
uniformity and yield.

Environmental protection and safety: Although a variety of polymers have been
identified for use as spinning solutions in nanofiber preparation, most spinning solvents
exhibit certain levels of toxicity that pose risks to personnel involved in their handling.
Furthermore, these solvents can adversely affect the environment and hinder efforts toward
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sustainable production practices. It is advisable to minimize reliance on organic solvents
(for instance, by promoting melt electrospinning) while also assessing the biocompatibility
of materials intended for long-term implantation.

Nevertheless, with advancements in technology, ongoing research progress, and
continuous equipment upgrades, these challenges are expected to be addressed effectively.
This will facilitate the transition of electrospinning technology from laboratory settings to
industrialization and commercialization stages.

Secondly, the opportunities are listed as follows:

Multifunctional integration: The emphasis should be placed on the development
of composite fibers that integrate mechanical strength, biological activity, and intelligent
responsiveness to address complex clinical requirements.

Interdisciplinary integration: Technologies such as 3D printing and microfluidics
should be synergistically combined to construct biomimetic multi-level structures that
facilitate advancements in personalized medicine.

In summary, electrospinning technology has emerged as one of the core methodolo-
gies within the field of biomaterials due to its unique capacity for structural design and
functional diversity. With the deepening integration of material science and medicine, its
application prospects in regenerative medicine, precision therapy, and intelligent medical
devices are poised to expand significantly.
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Abbreviations

The following abbreviations are used in this manuscript:

ECM extracellular matrix

DDS drug delivery systems

PLCL copolymer of lactide and caprolactone

Gel gelatin

Col collagen

P34HB poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
PANI polyaniline

PCL polycaprolactone

BT barium titanate

CTS-g-PTh chitosan-grafted polythiophene
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PHB-CTS poly(3-hydroxybutyrate)-chitosan

GAS glucosamine sulfate

HNTs halloysite nanotubes

CFX cefixime trihydrate

PLA polylactic acid

SF silk fibroin

PCR polymerase chain reaction

PLGA polylactic acid-glycolic acid copolymer
PET polyethylene glycol terephthalate

MNA metronidazole

PVA polyvinyl alcohol

CTS chitosan

SCLE syzygium cumini leaf extract

PChS polyvinyl alcohol-chitosan

AS aspirin

ST corn starch

DOX doxorubicin

P(NIPAAmM-MAA-VP)  N-isopropylacrylamide-methacrylic acid-vinyl pyrrolidone
PDANPs polydopamine nanoparticles

HA hyaluronic acid

PNIPAM N-isopropylacrylamide
P(HEA-CA-EMA) poly(hydroxyethyl acrylate-coumarate acrylate-ethyl methacrylate)
NIPAM N-isopropylacrylamide

PVDF polyvinylidene fluoride

MMP matrix metalloproteinases

MKI67 proliferation marker protein Ki-67

PEG polyethylene glycol

RSV NFS resveratrol-loaded nanofibrous scaffolds
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